We describe how a new fluorescent dye, methyl ADOTA (N-methyl-azadioxatriangulenium tetrafluoroborate), is an improvement on dyes reported previously for measuring silica nanoparticle size in sols using the decay of Studies of growing silica clusters in an alcogel of tetraethyl orthosilicate (TEOS) were able to resolve a monotonically increasing average radius of 1.42 ± 0.10 nm to 1.81 ± 0.14 nm over a period of 48 hr. We have also assessed a carboxylic acid derivative of ADOTA (N-(3-carboxypropylene)-ADOTA tetrafluoroborate -Acid-ADOTA) using dSTORM super-resolution microscopy. Although demonstrating high photochemical stability and blinking, its lower brightness and relative propensity to aggregate limits Acid-ADOTA's use for dSTORM.
Introduction
There is growing awareness of the environmental and health consequences that might be associated with the proliferation of nanoparticles, particularly those in the 1-10 nm range that can traverse cellular membranes. Handin-hand with this interest goes the search for improved methods of measuring nanoparticle size for research, the need for low cost, more portable and easy-to-use methods that would facilitate wider monitoring, and the need for internationally agreed standards. A recent European Commission report [1] on measurement methods for nanoparticles serves to underline the importance of the topic and provides a useful summary of the main techniques in current use such as light scattering, small angle x-ray scattering (SAX), small angle neutron scattering (SANS) and scanning and transmission electron microscopy (SEM and TEM respectively).
Fluorescence is a phenomenon that enables many aspects of measurement science [2] , perhaps most notably in the life sciences, where fluorescence can be influenced by the nanometre distances and nanosecond timescales that are often characteristics of physiology. Fluorescence has also been shown to play a key role in important applications of many types of nanoparticles [3] including those of silica [4] . Here we expand on the role of fluorescence in the metrology of nanoparticles, an area that underpins many such applications.
Some years ago the Photophysics group at Strathclyde University introduced an alternative approach to conventional methods for measuring 1-10 nm nanoparticles dispersed in solution that are well-known to be quite challenging. This is based on measuring the decay of fluorescence anisotropy of dye bound to a nanoparticle undergoing Brownian rotation in colloidal suspension. It has been shown to be capable of ~ 0.1 nm resolution and yet is of lower cost and easier to use than SAX, SANS, SEM and TEM. So far this has proved quite successful using a range of both electrostatically and covalently attached dyes in studies of silica nanoparticles growing during the sol-gel process [5, 6, 7] and stable LUDOX colloids that can provide useful metrology standards [8] . The approach been applied by others to a wider range of problems such as surface binding [9, 10] .
Nevertheless, despite finding wider application the use of fluorescence anisotropy for nanoparticle metrology is still in the proving ground and there is undoubtedly a need for improved dyes for this purpose. Potential errors and limitations include the possibility of dye aggregating on the nanoparticle, as this can cause depolarization by means of energy transfer, fluorescence decay time of the dye restricting the upper limit of measurable rotational time, depolarization due to dye wobbling or translating on the nanoparticle reducing the dynamic range of anisotropy measurement, and photochemical change in the dye leading to a change in its fluorescence decay time. Also, when studying mass-produced industrial-grade nanoparticles such as silica colloids there is the effect of intrinsic fluorescence, which can be difficult to quantify, but which will undoubtedly hide the particle rotational information being sought. With the aim of addressing these points we report here the application of the methyl derivative of a new triangulenium dye azadioxatriangulenium (ADOTA) to fluorescence nanometrology. The ADOTA dye is a highly chemically stable carbenium dye with numerous applications [11] . It has a workable fluorescence yield (~ 0.4 in water [12] ), is photochemically robust, emits towards the red (peaking at ~ 560 nm) thus minimising background fluorescence and Rayleigh scatter and has a long fluorescence lifetime (~ 20 ns). The NHS ester of ADOTA has previously been combined with fluorescence anisotropy to study antibody binding (anti-rabbit Immunoglobulin G to rabbit Immunoglobulin G) with rotational correlation times up to ~ 90 ns and has been shown to have a high initial anisotropy (~0.38 in rigid media [13] ). Other applications demonstrated include fluorescencebased glucose sensing [14] and gated detection [15] .
Recently the aggregation of an acid form of ADOTA (N-(3-carboxypropylene) azadioxatriangulenium tetrafluoroborate) has been observed in silica [16] , but here we use Me-ADOTA, and show that unlike other derivatives, such as the silane derivative (Si-ADOTA), which covalently binds to silica, dye aggregation and dyeinduced colloid aggregation are avoided. We demonstrate the use of Me-ADOTA to measure stable silica nanoparticles in LUDOX colloids and growing silica nanoparticles in both hydrogels and alcogels.
As well as studying the ensemble fluorescence properties of some ADOTA derivatives we have studied more closely some of their properties that are relevant to nanoparticle metrology, such as susceptibility to aggregate and photobleaching through their single molecule behaviour using the super-resolution microscopy technique dSTORM (Direct Stochastic Optical Recombination Microscopy) [17, 18] , a form of single-molecule localisation microscopy (SMLM). SMLM relies on estimating the position of a single fluorophore very accurately from an image of its point spread function, and requires the acquisition of many images of a sample, each showing only a small subset of the fluorophores. This requires that the fluorophores used have the ability to be "switched" on and off in some way, usually by some kind of stochastic photochemical process. In dSTORM, this can be achieved using a single intense laser which pushes fluorophores into the triplet state, which is then reduced to a long-lived reduced state by a thiolcontaining reagent. The ideal fluorophore has a low duty ratio (so that samples can be labelled at high density) and a high brightness in the "on" state (which gives a better precision); unfortunately only a few fluorophores approach this requirement closely enough to be useful. Ideally it may be possible to use a single dye to track the whole silica sol to gel process, from the sol containing nanoparticles measured using fluorescence anisotropy, to a gel composed of strands of silica observed with super-resolution microscopy.
Theory and analysis of fluorescence anisotropy decay data
By recording vertically and horizontally polarized fluorescence decay curves, I VV (t) and I VH (t), orthogonal to vertically polarized excitation, a time-resolved anisotropy function R(t) can be generated to describe the depolarization of fluorescence due to Brownian rotation of the fluorophore [19] i.e.
where G = I HV (t)/I HH (t) corrects for the relative transmission efficiencies of the two emission polarizations and is determined for horizontal orientation of the excitation polarizer [20] .
In order to analyse equation (1) we first fit the denominator (which is in fact the fluorescence decay) to the minimum number of decay components needed using non-linear least squares (NLLS) reconvolution of the instrumental pulse generated by the source using a chi-sq ( 2 ) goodness of fit criterion. This yields the best fit fluorescence decay parameters  f1 ,  f2 ,  f3 , etc. associated with the fluorescence impulse response had we been using a  function for excitation. (For a recent review of the analysis of fluorescence anisotropy decay see [21] ). As a rule of thumb  2 < 1.2 is usually taken to be an acceptable fit to the fluorescence decay. the fluorescence decay over all the channels of decay including the background determined from before the decay.
The difference data was fitted from the peak down.
The simplest case occurs for a spherical rigid rotor in an isotropic medium such as a solvent [19] . If all the dye is rigidly attached to the nanoparticle, the decay of R(t) describes fluorescence depolarization due to Brownian rotation of the nanoparticle according to:
where R 0 is the initial anisotropy with a maximum value of 0.4 for one photon excitation [19, 20] . In this case  r is the nanoparticle rotational correlation time described by the Stokes-Einstein equation:
= where  is the microviscosity, T the temperature, k the Boltzmann constant and V the hydrodynamic volume 4r p 3 /3 prescribed by the nanoparticle as defined by the hydrodynamic radius of interest r p where
In the case where the dye partitions between being bound to the nanoparticle and freely rotating (figure 1) we have
where f is interpreted as the fraction of fluorescence due to dye bound to silica nanoparticles rotating with a correlation time  r2 and 1 f  to dye molecules unbound in the colloid and rotating faster with a correlation time  r1 . Determining  r1 can be useful as, by knowing the dye radius, it gives the microviscosity from equation (4) . If the dye is wobbling on the nanoparticle,  r1 will describe the average of free dye experiencing the bulk water microviscosity and dye in the vicinal viscosity close to the nanoparticle. Hence closely bound dyes are to be preferred. If dye molecules also bind to aggregates of the nanoparticles we can approximate this by:
where gR 0 describes a very slow rotation (defined by r2 >>  f ), i.e. g is the fraction of fluorescence derived from dye attached to an aggregate of silica nanoparticles (or indeed a dye aggregate) such that negligible depolarization of fluorescence occurs during the fluorescence decay time. As pointed out by Weber many years ago [20] the ideal measurement condition for detecting maximum change in fluorescence anisotropy is when  r ~  f and of course this can never be realized for both  r1 and  r2 for a single dye in an anisotropy measurement. Nevertheless we have previously shown [8] that in many cases where a good estimate of the microviscosity is already known, by recording sufficient counts in the difference curve (the numerator in equation (1))  r /  f ratios up to ~50 are possible. It is important to note that the difference between R 0 and the residual anisotropy gR 0 defines the useful dynamic range of anisotropy measurement in nanoparticle metrology.
Because it only concerns the hydrodynamic radius the above theory does not distinguish between solid nanoparticles and more ramified structure, both of which are encountered in the kinetics of the sol-gel formation of silica.
Methods and Materials
We have recently published a detailed description of the instrumentation and experimental protocols involved in using fluorescence anisotropy to measure nanoparticle size, including sample handling and spectroscopic characterization [22] . Here we provide a summary of these methods.
Fluorescence spectroscopy instrumentation
Fluorescence and anisotropy decay measurements were performed using time-correlated single-photon counting (TCSPC) [2] on a Horiba Scientific DeltaFlex system as shown in figure 2 . The instrument incorporates wavelength selection by means of both excitation and emission monochromators, each with a Seya-Namioka geometry and holographic diffraction grating in order to minimise stray light. The instrument is similar to that used previously [7, 8] , but has been upgraded to include a 503 nm picosecond DeltaDiode operated at a higher repetition rate of 2
MHz (consistent with the 400 ns time range used) and faster DeltaHub data acquisition electronics with a dead time < 10 ns to accommodate this. Single fluorescence photons were detected using a TBX photon detection module incorporating a close-coupled power supply, amplifier and constant fraction discriminator. For anisotropy measurements the prism polarizer in the excitation channel remained at a vertical position during the measurements.
The prism polarizer in the emission channel was then toggled automatically between vertical and horizontal positions for pre-set data acquisition times in order to record the two decay curves I VV and I VH independent of any source intensity fluctuation for use in equation (1) . These measurements continued until a preset value in the difference in counts between the peaks of I VV and I VH was achieved (10,000 was usually sufficient, but higher numbers were also evaluated). The G-factor in equation (1) was measured by setting the polarizer in the excitation channel to a horizontal position, and the polarizer on the emission channel arm rotated between vertical and horizontal positions to record G HV and G HH . Data analysis was performed using the Horiba Scientific DAS6 software package. Errors shown are 3 std. dev. unless stated otherwise.
Steady-state absorption measurements were performed on a Perkin-Elmer Lambda 2 spectrometer. Fluorescence spectra were recorded using a Horiba FluoroMax-2. Figure 2 . Schematic of the TCSPC fluorometer used to measure the fluorescence anisotropy decay.
Super-resolution microscopy
Direct stochastic optical reconstruction microscopy (dSTORM) measurements were performed using a custom-built is focussed at the back focal plane of the microscope objective, and the position of the focus is controlled by a motorised mirror to enable adjustment of the angle of incidence. A quad-band dichroic mirror and emission filter are used to separate excitation and emission light, and a further filter wheel with band pass filters is used to avoid cross-talk. An Andor EMCCD iXon Ultra 897 camera was used for data acquisition. This camera was air cooled at -80 °C. It has 512×512 pixels, with a pixel size of 16×16 µm and a 16 bit digitisation. The resolution per pixel with the 100× objective is therefore 0.16×0.16 µm. Data acquisition was carried out using a LabView program written in-house and data analysis was carried out using the "rainSTORM" MATLAB GUI and ImageJ [23] . Samples were placed in Nunc Lab-Tek chambered cover glasses for imaging.
Materials and sample preparation
The ADOTA derivatives Me-ADOTA and Acid-ADOTA were synthesized as described previously [11] . Si-ADOTA (a reactive triethoxy silane derivative) was synthesized by similar methods. Rhodamine 6G (R6G) was obtained in pure form from Sigma-Aldrich. Figure 3 shows the structure of the dyes used. In stock solutions each dye had an absorbance of ~ 0.1, which is appropriate for fluorescence anisotropy studies [22] . Where relevant doubly deionized water was used that was found to be free of background fluorescence and all samples were sealed with parafilm in 4 cm 3 plastic cuvettes, these having been previously shown to be free of strain-induced birefringent effects [7, 8] .
LUDOX colloidal silica (Grace) with radii that were studied previously [7, 8] were chosen for comparison, covering radii of 3.5 nm, 6 nm and 11 nm for SM-AS, AM and AS-40 respectively. Each LUDOX sample has an associated pH stability range (typically ~ 9-10). Stabilised solutions consisting of water and either sodium hydroxide or ammonium hydroxide were made for each sample. SM-AS was measured at 0.1 % concentration and AM and AS-40 at a 2 % concentration in stabiliser solution.
Silica gel is usually manufactured on an industrial scale using hydrogels of sodium silicate. To study the growth of acidic silica hydrogel nanoparticles, samples were prepared using similar methods to those described previously [5] and adjusted as necessary to produce a suitable volume of solution with an appropriate gel time, thus enabling a direct comparison with our previous work using JA120 i.e. a different dye [5] . 
Condensation:
Where x and y relate to the fractions of silica and soda in the silicate precursor.
For laboratory work the higher purity and better defined structure of alcogels of orthosilicates compared to sodium silicate means they are usually preferred. Here we have used alcogels of tetraethyl orthosilicate (TEOS), where the equivalent hydrolysis reaction is:
This leads to similar condensation reactions as per equation (8).
The TEOS gel was prepared under acidic conditions as described previously [22] . Briefly, to prepare the gel 7.5 ml of TEOS was mixed with 7.75 ml of ethanol, and 9.5 ml of water was then added plus a few drops of hydrochloric acid to catalyse the reaction, followed by thorough mixing for 4 hr. t g was ~ 70-90 hr.
The exact photochemistry and photophysics of dSTORM are likely to vary from dye to dye, but in a typical dye used for dSTORM the following model is believed to explain the blinking mechanism. The "on" state of the fluorophore corresponds to rapid cycling between the ground state and excited state with the emission of many photons. Although the probability of transitioning from the excited state to the triplet state is low, the rapid cycling induced by the intense illumination ensures this is achieved fairly rapidly. Once in the triplet state the molecule is reduced rapidly to a stable radical state. Depleting oxygen reduces the rate of oxidation of this radical state back to the ground state, "trapping" molecules in the dark state for long periods (ensuring a low "duty ratio"). It was not known previously whether ADOTA can exhibit this kind of behaviour. After incubation the solution was pipetted off and then the chamber was filled with dSTORM buffer and sealed with a cover slip. A layer of Acid-ADOTA (Figure 3c ) was used rather than Me-ADOTA in order to cross-link it to the dextran. The basis of the protocol used has been reported previously [24] .
Results and Discussion

LUDOX nanoparticles
Some of the fluorophores used previously to label LUDOX [25, 26] , such as those based on 6-methoxyquinoline, have comparable fluorescence lifetimes to ADOTA, but suffer from requiring UV excitation. This has been shown to also excite intrinsic fluorescence in such colloids [8] , thus introducing a source of error that is ever-present and difficult to quantify, but which is minimized and usually negligible by exciting red dyes such as Me-ADOTA.
Indeed exciting all the LUDOX colloids at 503 nm revealed negligible intrinsic fluorescence. Initially we sought to covalently label the LUDOX colloids using the reactive silane derivative of Si-ADOTA shown in figure 3b in the manner we had used previously for fluorescein bound to a methoxysilane [7] . This makes sense as it is expected to give a more strongly bound fluorescent label than with electrostatic binding, thus eliminating the possibility of dye wobbling on the nanoparticle surface introducing an additional rotational time.
However, in this case we found the Si-ADOTA to aggregate the LUDOX rather than binding solely to the LUDOX. Table 1 shows the agreement between typical measurements obtained using Me-ADOTA, the manufacturer's values and those we obtained previously are all within error apart from SM-AS where, as observed previously for the equivalent colloid SM-30 [8] , small aggregates (binary, tertiary etc) of the colloid can occur with time as carbon dioxide entering the sample leads to lowering of pH and a higher average size. It is also interesting to speculate that the adherence of vicinal water might also play a part by increasing the hydrodynamic radius to a level that is more apparent in such smaller nanoparticles. However, it should be noted that when exciting the 6-methoxyquinolium dyes in the UV, the radii r p (from our previous work [8] shown in (1).
This is illustrated in the time
Present work Previous work [8]
Hydrogels of sodium silicate
Acidic silica hydrogels were prepared under similar conditions to those described previously [5] for ease of comparison. We labelled two identical hydrogel compositions separately with Me-ADOTA and R6G in order to assess the effect of the difference in fluorescence lifetimes (Me-ADOTA ~ 20 ns, R6G ~ 4 ns) on the apparent particle size as polymerization proceeds according to equations (7) and (8) . Unlike stable LUDOX colloids, in the case of a polymerizing hydrogel, the measurements need to be done as quickly as possible in order to minimise the size distribution of the particles being detected. by R6G (~ 3.7 nm). In such acidic hydrogels the silica particles are thought to grow initially by monomer addition and then diffusion controlled cluster-cluster aggregation [5] , and would not be expected to grow continuously below the gel point as silicate is progressively used up in the hydrolysis and condensation reactions of equations (7) and (8) . With t g ~ 50 hr the levelling of the particle growth after ~ 25 hr may well reflect this consumption of silicate. However, it is also possible that particles larger than ~ 6.3 nm are present, with the finite fluorescence lifetime decay of ADOTA limiting their detection in the 20 min measurement time used. Nevertheless, in our early work, where we introduced the idea that the rotation of dye attached to silica hydrogel nanoparticles explained the observed fluorescence anisotropy decay [5] , we used the xanthene dye JA120 because it had the virtues of being excited at 650 nm, a peak fluorescence at ~ 690 nm and survived acidic conditions. However, the fluorescence lifetime of JA120 was only ~ 1.8 ns in water and this led to the maximum size detected of ~ 4.5 nm. The data of figure 6 , obtained using Me-ADOTA, suggests that larger particles up to at least ~ 6.3 nm are indeed present, these being observable due to the longer fluorescence lifetime of Me-ADOTA as compared to that of JA120.
Alcogels of tetraethyl orthosilicate (TEOS)
The polymerization of orthosilicate alcogels proceeds through different aggregation kinetics to sodium silicate hydrogels. Under base-catalysed (alkaline, Stöber) conditions orthosilicate gelation proceeds more rapidly and less ramified, with more discrete nanoparticles of narrower defined size formed as compared to acidic conditions, where cross-linking of more linear structures is observed prior to gelation [27, 28] . Under such Stöber conditions we recently used fluorescence anisotropy decay to demonstrate the control of silica nanoparticles size in the range of r p ~ 3.1nm -3.8 nm for TEOS [7] . Under acidic conditions for tetramethyl orthosilicate (TMOS) studied using R6G
we earlier reported the slow growth of smaller silica structures from ~ 0.8 nm to 1.0 nm over several weeks [6] . Table 3 . Fluorescence anisotropy decay analysis of Me-ADOTA in a TEOS sol under acidic conditions and analysed using equations (4) and (5). showing [5, 6]  decreasing rather than increasing as the precursors species are consumed.
Super resolution studies of Acid-ADOTA-Dextran photostability and dye aggregation
In order to test the susceptibility to aggregation, photochemical robustness of the ADOTA fluorophore, and to see if it was suitable for tracking the whole sol-gel process from particle to gelation, we irradiated its acid derivative linked to dextran with laser excitation in order to populate dark states in the manner required for dSTORM measurements, and monitored the recovery of its fluorescence. The power dependence, that reflects the generation of dark states following increase in fluorescence, is shown in Figure 7 for Acid-ADOTA-Dextran (structure shown in figure 3(c) ), which has also recently been used [29] to label and record the rotation of Bovine Serum Albumin using fluorescence anisotropy ( r ~ 37 ns). Acid-ADOTA-Dextran was found to demonstrate excellent recovery of its native fluorescence properties following laser irradiation and in this regard is at least comparable to other dyes that have been assessed for SMLM [30] . This is illustrated in Figure 8 . As can be seen in figures 7(b) and (c) the single molecule emission of Acid-ADOTA-Dextran is only just bright enough to be seen above the background and despite the photochemical robustness of the dye this currently limits its use in dSTORM studies. Given that the fluorescence quantum yield of ADOTA is only ~ 2x lower (0.4 in water [12] ) than the commonly used dyes for dSTORM, we associate the low brightness with the much lower extinction coefficient of ADOTA. For example for ADOTA this is 9480 M -1 cm -1 in Acetonitrile at 541 nm [13] . At the higher end of dye performance for dSTORM the extinction coefficient for ATTO 565 is 120,000 M -1 cm -1 and its quantum yield is 0.9 [30] . At the lower end, say for FITC, the extinction coefficient is 70,000 M -1 cm -1 at 494 nm and its quantum yield is 0.8 [30] . We chose 150 mW laser power for ease of comparison, as this is what we use for more typical dyes for dSTORM such as Alexa 647, Cy5 and Alexa 561. In the event we could have increased the laser power above the 150 mW in order to increase the proportion of dye molecules in the dark state, but this is never without unwanted effects such as bleaching and heating. Also, the long fluorescence lifetime of ADOTA (~ 20 ns), as compared to commonly use dyes for dSTORM (~ 1 ns), probably does not help depletion.
Moreover, under the higher concentrations needed for dSTORM (in contrast to the lower concentrations needed for nanoparticle metrology using anisotropy) we have observed some aggregation of the free Acid-ADOTA dye (i.e.
when not bound to dextran) as illustrated in figure 9 . Photobleaching or the switching of a single molecule would be expected to be a step function, not the exponential decay shown in figure 9(b) . Indeed, the fact that an exponential decay is observed confirms the presence of aggregates of Acid-ADOTA when not bound to dextran. Results such as those shown in Figure 9 provide a useful test for aggregation. Such behaviour would be a detriment in nanoparticle metrology as it facilitates energy transfer (and consequentially a depolarization mechanism unrelated to particle rotational depolarization) and in tracing the assembly of silica structures using dSTORM. However, the silica nanoparticle studies on Me-ADOTA shown here do not demonstrate aggregation effects, and other bespoke derivatives of the ADOTA fluorophore may well be worthy of further investigation for use in SMLM.
Conclusions
For the range of particle sizes and pH encountered with silica, no one single dye structure is likely to be ideal for nanoparticle metrology using fluorescence anisotropy under all conditions of interest. However, Me-ADOTA has been shown to demonstrate a combination of critical characteristics that are useful in the study of both alkaline and acidic silica sols and no doubt other types of nanoparticles. These have extended the limits of measurement precision through the minimization of systematic errors such as having a fluorescence lifetime too short to measure nanoparticle size in a reasonable measurement time, exciting background fluorescence, Rayleigh scattered excitation and photochemical degradation. The fluorescence behaviour of dyes under dSTORM conditions is shown to offer a stringent test of dye photophysics that can inform the study of nanoparticles using fluorescence anisotropy decay. SMLM has already been shown to resolve temporal changes (e.g. [31] ) on timescales comparable to silica gelation and further work is planned to resolve more closely nanoparticle silica structures by means of superresolution microscopy, ideally using the same dye as used for anisotropy studies.
